Abstract. We investigate the evolution of scalar perturbations in f (T ) teleparallel gravity and its effects on the cosmic microwave background (CMB) anisotropy. The f (T ) gravity generalizes the teleparallel gravity which is formulated on the Weitzenböck spacetime, characterized by the vanishing curvature tensor (absolute parallelism) and the non-vanishing torsion tensor. For the first time, we derive the observational constraints on the modified teleparallel gravity using the CMB temperature power spectrum from Planck's estimation, in addition to data from baryonic acoustic oscillations (BAO) and local Hubble constant measurements. We find that a small deviation of the f (T ) gravity model from the ΛCDM cosmology is slightly favored. Besides that, the f (T ) gravity model does not show tension on the Hubble constant that prevails in the ΛCDM cosmology. It is clear that f (T ) gravity is also consistent with the CMB observations, and undoubtedly it can serve as a viable candidate amongst other modified gravity theories.
TT,TE,EE+low P+lensing reconstruction), in addition to data from baryonic acoustic oscillations (BAO) and local Hubble constant measurements. The manuscript is organized as follows: In Section 2, we briefly review the f (T ) gravity and its cosmology, where the background and perturbative evolutions are given and the effects on the CMB power spectrum are discussed. In Section 3, we present the results of observational analysis. Finally, in Section 4 we summarize our results and perspectives. As usual, a subindex zero attached to any quantity means that it must be evaluated at present time. Also, prime and dot denote the derivatives with respect to the conformal time and cosmic time, respectively.
f (T ) gravity and cosmology
In this section, we briefly review f (T ) gravity and we apply it in a cosmological framework.
f (T ) gravity
In f (T ) gravity, and similarly to all torsional formulations, we use the vierbein fields e µ A , which form an orthonormal base on the tangent space at each manifold point x µ . The metric then reads as g µν = η AB e A µ e B ν (in this manuscript greek indices and Latin indices span respectively the coordinate and tangent spaces). Moreover, instead of the torsionless Levi-Civita connection, we use the curvatureless Weitzenböck one, w Γ λ νµ ≡ e λ A ∂ µ e A ν [13] , and hence the gravitational field is described by the torsion tensor The Lagrangian of teleparallel equivalent of general relativity, i.e., the torsion scalar T , is constructed by contractions of the torsion tensor as [13] T ≡ 1 4
Inspired by the f (R) extensions of general relativity, we can extend T to a function f (T ), constructing the action of f (T ) gravity [15, 16] as
with e = det(e A µ ) = √ −g and G the gravitational constant. where we have imposed units where the light speed is equal to 1. Note that TEGR and thus the general relativity is restored when f (T ) = T , whereas we recover general relativity with a cosmological constant for f (T ) = T + Λ.
f (T ) cosmology
In what follows, we describe the general formalism/equations of the background and scalar perturbation evolution for modified teleparallel cosmology.
Background evolution
We apply f (T ) gravity in a cosmological framework, considering the functional form: f (T ) = T + F (T ). Firstly, we need to incorporate the matter (baryons and cold dark matter) and the radiation (photons and neutrinos) sectors, and thus the total action is written as
with the matter and radiation Lagrangians assumed to correspond to perfect fluids with energy densities ρ m , ρ r and pressures P m , P r respectively. Variation of the action (2.4) with respect to the vierbeins provides the field equations as
with F T = ∂F/∂T , F T T = ∂ 2 F/∂T 2 , and where T (m) ρ ν and T (r) ρ ν are the matter and radiation energy-momentum tensors respectively.
As a next step, we focus on homogeneous and isotropic geometry, considering the usual choice for the vierbiens, namely 
with H ≡ȧ/a the Hubble parameter, and where we use dots to denote derivatives with respect to cosmic time t. In the above relations, we have used
which arises straightforwardly for a FRW universe through (2.2).
Observing the form of the first Friedmann equation (2.7), we deduce that in f (T ) cosmology we acquire an effective dark energy sector of gravitational origin. In particular, we can define the effective dark energy density as [17] 
In what follows, a subindex zero attached to any quantity implies its value at the present time. In this work, we are interested in confronting the model with observational data. Hence, we firstly define
with T 0 ≡ −6H 2 0 . Therefore, using additionally that ρ m = ρ m0 (1 + z) 3 , ρ r = ρ r0 (1 + z) 4 , we re-write the first Friedmann equation (2.7) as [27, 28] 
where 13) with Ω i0 = 8πGρ i0 3H 2 0 the corresponding density parameter at present. In this case the effect of the F (T ) modification is encoded in the function y(z, r) (normalized to unity at present time), which depends on Ω m0 , Ω r0 , and on the F (T )-form parameters r 1 , r 2 , ..., namely [27, 28] :
(2.14)
We mention that due to (2.9), the additional term (2.14) in the effective Friedman equation (2.12) is a function of the Hubble parameter only.
Scalar perturbation in f (T ) gravity
In this subsection, we describe how the linear scalar perturbations evolve in the context of f (T ) gravity, and quantify its effects on the CMB anisotropies. Here, we follow the methodology used in [60] . The evolution of the matter density perturbations in modified teleparallel gravity theories has also been investigated in [61, 62] .
We adopt the conformal Newtonian gauge, where the line element of the linearly perturbed FLRW metric is given by
Here τ is the conformal time, ψ and φ are the Bardeen potentials, and γ ij dx i dx j is the spatial part of the metric. The above metric can be mapped considering a decomposition of the vierbein as e A µ = e A µ + ζ A µ , where ζ A µ is a purely perturbed quantity. The vierbein decomposition satisfies g µν = η AB e A µ e B µ . Thus, the perturbation of e A µ has the most general form given by 16) where C i and G i , h ij are the transverse vector modes and traceless tensor modes, respectively. Thus, it gives rise to the most general usual perturbed FLRW metric
Here, we just treat the scalar perturbations with scalar modes ψ and φ in the conformal Newtonian gauge as given in eq. (2.15). The complete set of equations for scalar perturbations modes in the conformal Newtonian gauge for f (T ) gravity can be recast as (see [60] )
In eqs. (2.18) -(2.21), H is the Hubble function defined with respect to the conformal time and prime denote the derivatives with respect to the conformal time.
In most modified gravity theories, the extra degree of freedom will be governed by a dynamical equation, for instance in f (R) gravity [63] . Here, in the above equantions, ζ is a constraint equation and takes the form
which can be eliminated by a direct replacement of eq. (2.22) in the above modified equations. For a complete discussion of the above equations see [60] . For f T −1 = f T T = f T T T = 0, the equations (2.18) -(2.21) reduce to general relativity [64] . The expressions on the righthand side of the equations (2.18) -(2.20) are respectively, 25) where the subscripts m and r represent cold dark matter plus baryons and photon plus neutrinos, respectively. All species, baryons, dark matter, photons and neutrinos, do not undergo changes in their dynamics, so the perturbation equations for each component follow the standard evolution as described [64] . In the above quantities, θ i , with i = r, m, is the divergence of the fluid velocity. In eq. (2.21), the anisotropic stress perturbation Π is connected to σ via the relation σ = 2Πp/3(ρ + p).
In general terms, relativistic particles respond to both potentials and non-relativistic particles respond to the time component of the metric, that is, to the potential ψ. For instance, neutrinos develop anisotropic stress after neutrino decoupling. Thus, φ and ψ actually differ from each other in the time between neutrino decoupling up to matter-radiation equality. After the universe becomes matter-dominated, φ and ψ rapidly approach to each other (in the context of general relativity). The same happens to photons after decoupling, but the universe is then already matter-dominated, so the photons do not cause a signicant φ − ψ diference. So, in the context of general relativity, at late times, we expect φ = ψ. A gravitational slip, defined as φ = ψ, generically occurs in modified gravity theories. The gravitational slip is typically defined as
where for η 0, there is no gravitational slip, that is, we have ΛCDM model. Let us quantify the behavior of the η function in the next section. The Fourier modes relevant to the linear regime of structure formation correspond approximately k/aH 1, and remain well inside the horizon in the redshift range z < 2. With that and also taking the quasi-static approximation [65] , where the time-derivatives of potential are very small, by combining equations (2.18) and (2.19) , in this approximation, we find 27) which is the modified Poisson equation. Where we have defined 28) or more explicitly
Evidently for F T = 0, one may recover the standard Poisson equation. The eq. (2.27) is a standard parametrization for modified theories of gravity [65, 66] and this result here records a modification in the context of modified teleparallel gravity. The effective gravitational constant (2.28), has also been obtained in [62] .
It will be interesting to investigate this modified Poisson equation using the data from redshift space distortion, where such modification may lead to interesting effects. The study 
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of such effects would be an interesting avenue for future research. In what follows, let us quantitatively investigate the effects of the scalar perturbations generated via f (T ) gravity on CMB anisotropy.
Effects on the CMB
In this section, in a nutshell, we describe the CMB temperature anisotropy, in order to see how f (T ) gravity can change this observable. We know that the Newtonian curvature φ and potential ψ encapsulate all observable properties of scalar fluctuations. The contribution of a given k-mode to the amplitude of lth multipole moment of the CMB anisotropy is given by 30) where the term source is given by [67] [68] [69] 
Assuming a random phase assumption for the k-modes, the scalar contribution to power spectrum of the anisotropies can be estimated as 32) where X referring to the modes T , E, B and P (k) is the scalar primordial spectrum. In eq. (2.31), g is the optical depth to Compton scattering between the present, τ 0 , and the epoch in question τ . The terms Θ 0 and v b are the photon temperature perturbation and baryon velocity in Newtonian gauge, respectively. The terms, Θ 0 + ψ and v b , are the ordinary Sachs-Wolfe and Doppler effect, respectively. They are responsible for the so-called acoustic peaks in the CMB temperature spectrum. The term φ + ψ leads to the integrated Sachs-Wolfe effect and contributes after last surface scattering and leads to an additional, late time contribution to anisotropies in the CMB at large scales due to the decay of gravitational potentials in the presence of dark energy (or an effective dark energy via modified gravity).
We can note that the scalar perturbations in f (T ) gravity, described in the previous section, lead to a non-trivial change on the the dynamics of φ and ψ. Thus, it is expected that the effects of a given function f (T ) cause significant changes on CMB anisotropy in all angular scales. In order to quantify these effects, we introduce the simplest power-law model [15] given by
where α and n are two parameters of the model. Inserting this f (T ) form into Friedmann equation (2.7) at present, we acquire
where for n = 0, the present scenario reduces to the Λ + general relativity. It is well known that stability conditions play an important role in modified gravity models [70] [71] [72] , being able to generate strong impact when constraining the parameters of the theory and in selecting the priors [70] [71] [72] . In what follows, we only analyze the scalar perturbation of the model. But, it is known that in modified teleparallel gravity the speed of propagation for tensor mode is equal that in general relativity. At first, the running of the effective Planck mass (α M ) is a function of T (within an analogy with effective field theory approach), and so there may be a dependency between α M and the free parameters of the theory, see [73] for details. Here, we only investigate the scalar modes evolution and as argued in [61] , in this case the stability condition is satisfied in the range 0 < n < 1 for the power-law model (2.33). Also, another condition on the free parameter in eq. (2.33) is that n < 1 in order to obtain an accelerating expansion of the Universe at late times. As we shall see below, in order to explain CMB data, this free parameter needs to be some order of magnitude lower that 1. The statistical prior range of the baseline of the model will be specified in the next section.
We modified the publicly available CLASS code [80] in order to calculate the evolution of the potential ψ and φ and the CMB power spectrum, from the equations presented in the previous section (more specifically a direct implementation of the eqs. (2.19) and (2.21) in perturbative sector)). Figure 1 on the left painel, shows the function η, eq. (2.26), as a function of the scalar factor a for different values of n. As expected, the gravitational slip decay to η 0 at late time in all cases, even considering a strong regime of scalar torsion (n = 0.1). The value n = 0.1 is considered a "strong regime", because as we will see in the next section, this value is some order of magnitude larger than the observational value of n. We note numerically, at present time and k = 10 −3 /Mpc, η = 3.21 × 10 −4 , η = 2.83 × 10 −4 and η = 2.67 × 10 −4 for n = 0.1, 0.01, and 0.001, respectively. So, in general, the gravitational slip is of the same order of magnitude in all cases, but can slightly differentiate at present time. For a < 0.3, there is no difference. Figure 1 on the right panel, shows the function φ + ψ at late time. As expected, small corrections like n = 0.001 have behavior very close (but different in numerical values) to the ΛCDM model. Significant variations can be easily noticed when the value of n is increased. In the strong regime, the amount φ + ψ presented very small variations in relation to redshift. So, with the larger values of n, the function φ + ψ tends to show small variations, or even remain constant. In practical terms, this can lead to direct consequence on CMB at large angular scales and significant effects on gravitational lensing, where the variation of the potencial plays an important role. Figure 2 , on the left panel, depicts the theoretical predictions for the CMB temperature power spectrum for f (T ) gravity as well as for the ΛCDM scenario. In order to have a better understanding of the effects due the modified teleparallel gravity, on the right panel of Figure  2 , we show the ratio between f (T ) gravity/ΛCDM. For n = 0.1, we can see strong effects on all angular scales, as expected, once this value represents a strong cosmological regime of torsional scalar for all scales and cosmic time. On intermediary and small angular scales (l > 400) the difference with respect to ΛCDM becomes even greater. Thus, we can easily summarize that values of this order of magnitude can already be ruled out, even theoretically. Still for n = 0.01, we can notice significant changes, and only for n = 0.001 we have variations around the ΛCDM model. Thus, it is expected that the free parameter that characterizes the modified teleparallel gravity models should be of the order of 10 −3 or even smaller than it. For values greater than this order of magnitude, the evolution of the perturbations is well behaved, but are noticed very huge effects on the observables. For instance, making n > 0.1 completely incompatible with the observational data. Figure 3 shows the theoretical predictions for the CMB temperature EE power spectrum. The pattern of the effects/deviations of the f (T ) gravity from that of the ΛCDM model on EE power spectrum is similar to the one observed in case of the CMB TT spectrum.
Without loss of generality, the quantified effects presented here are also expected to occur for any viable functional form of the f (T ) model present in the literature, as for instance the exponential model. In what follows, we consider the parameterization (2.33) in order to derive the observational constraints on f (T ) gravity for the first time using the full CMB temperature anisotropies data.
Observational constraints
We modified the publicly available CLASS code [80] together with Monte Python [81] code for the f (T ) gravity scenario presented here. In order to constrain the model under consideration, we used the following data sets:
CMB: The CMB data from Planck 2015 comprised of the likelihoods at multipoles l ≥ 30 using TT, TE and EE power spectra and the low-multipole polarization likelihood at l ≤ 29. The combination of these data is referred to as Planck TT, TE, EE + lowP in [82] . We also include Planck 2015 CMB lensing power spectrum likelihood.
BAO:
The baryon acoustic oscillations (BAO) measurements from the Six Degree Field Galaxy Survey (6dF) [74] , the Main Galaxy Sample of Data Release 7 of Sloan Digital Sky Survey (SDSS-MGS) [75] , the LOWZ and CMASS galaxy samples of the Baryon Oscillation Spectroscopic Survey (BOSS-LOWZ and BOSS-CMASS, respectively) [76] , and the distribution of the LymanForest in BOSS (BOSS-Ly) [77] . These data points are summarized in table I of [78] .
H0:
We use the recently measured new local value of Hubble constant given by H 0 = 73.24 ± 1.74 km s −1 Mpc −1 as reported in [79] .
We used Metropolis Hastings algorithm with uniform priors on the model parameters to obtain correlated Markov Chain Monte Carlo samples by considering two combinations of data sets: CMB + BAO and CMB + BAO + H 0 . We chose the minimal data set CMB + BAO since adding BAO data to CMB does not shift the regions of probability much, but this combination constrains the matter density very well, and reduces the error-bars on the parameters. The other data set combination (CMB + BAO + H 0 ) is considered in order to investigate the effects of H 0 prior on the minimal data set. The baseline parameters set is
where the parameters correspond to baryon density, cold dark matter density, angular size of sound horizon at last scattering, the amplitude of initial scalar power spectrum, spectral index, the optical depth associated with reionization, the Hubble constant and f (T ) gravity free parameter, respectively. Table 1 summarizes the main results of the statistical analysis. Figure 4 shows the parametric space at 68% and 95% confidence level (CL) in the plane H 0 -σ 8 , both ΛCDM and f (T ) cosmology. The vertical gray band corresponds to H 0 = 73.24±1.74 km s −1 Mpc −1 [79] .
Assuming standard ΛCDM model, the Planck team obtained H 0 = 66.93 ± 0.62 km s −1 Mpc −1 that is about 3σ CL deviations away from the direct and local determined value H 0 = 73.24 ± 1.74 km s −1 Mpc −1 as reported in [79] . We can note that f (T ) gravity gives a higher value of H 0 (see figure 4) . Therefore, the discrepancy between the H 0 values can be removed here. We have found H 0 = 72.4 +3.3 −4.1 km s −1 Mpc −1 using CMB + BAO data alone. This constraint is fully compatible with the local determination of H 0 [79] . Evidently, the combination of the minimal data set with H 0 , that is, using a prior on H 0 in the analysis, also yields the H 0 value compatible with the local measurement. Other physical models beyond the minimal ΛCDM model have also been considered to solve the tension on H 0 [83] [84] [85] [86] [87] [88] [89] [90] .
Another cosmological tension arises from the predictions of the direct measurements of LSS and CMB for σ 8 . The results from Planck CMB yield the value of amplitude of matter density fluctuations, σ 8 = 0.831 ± 0.013 [82] , which is about 2σ higher than σ 8 = 0.75 ± 0.03 as given by the Sunyaev-Zeldovich cluster abundances measurements [91] our constraints, we note that the model is not able to solve the tension σ 8 . In order to have a model, within modified teleparallel gravity context, capable of solving both tensions at the same time, an extension with a detailed investigation, beyond the model presented here, should be done. The dynamics generated by modified teleparallel gravity is able to solve the tension on H 0 and as we can see from figure 4 , the model provides wide range of values for H 0 . Figure  5 shows the parametric space at 68% and 95% CL in the plan n -Ω remember that n is the only free parameter of the model and only this parameter has effects on the behavior of the model. Table 1 also shows the constrains on the derived parameters α (given in terms of the its absolute value and in logarithmic scale) and Ω F 0 . We can note from CMB + BAO analysis that the model is compatible with ΛCDM (n = 0). Analyzing CMB + BAO + H 0 , the parameter n can deviate from ΛCDM up to approximately 2.2σ CL.
Assuming ΛCDM we have, χ 2 min /2 = 6480.91 (χ 2 min /2 = 6486.33) from CMB + BAO (CMB + BAO + H 0 ), respectively. Thus, defining ∆χ 2 = χ
min , we find ∆χ 2 = 0.43 and ∆χ 2 = 4.06 from CMB + BAO (CMB + BAO + H 0 ), respectively. We see that statistically both analyzes yield an improvement over ΛCDM model. In case of CMB + BAO, the improvement is minimal while from CMB + BAO + H 0 it is around 2.2σ CL.
Finally, we close the observational analysis section by comparing the statistical fit using the standard information criteria via Akaike Information Criterion (AIC) [92, 93] , AIC = χ 2 min + 2d, where d is the number of free model parameters. In f (T ) gravity, we have one free parameter more than in ΛCDM model. Assessing ∆AIC concerning to ΛCDM, we find ∆AIC = −1.57 (∆AIC = 2.06) from CMB + BAO (CMB + BAO + H 0 ), respectively. The thumb rule of AIC reads that the models are statistically indistinguishable from each other and a small negative (positive) evidence from CMB + BAO (CMB + BAO + H 0 ).
Final remarks
In the present work, we have investigated the effects of scalar linear perturbations in the context of modified teleparallel gravity and analyzed the consequences on the CMB temperature power spectrum. It is expected that a very small correction in f (T ) gravity, beyond the ΛCDM , could be able to generate the fluctuations of temperature expected by the observations. Also, the first time, we report the observational constrains on f (T ) gravity using the data from the CMB observations (Table 1 summarizes the results). The observational data indicate that modified teleparallel gravity depicts a small deviation from the ΛCDM-cosmology up to approximately 2.2σ CL . We find that the f (T ) gravity is consistent with CMB observations, and it can serve as a viable candidate in the class of modified gravity theories. An important result of this development is that the f (T ) gravity can naturally solve the H 0 tension between the local value of the Hubble constant and the value predicted by the most recent CMB anisotropy data of the Planck satellite in ΛCDM-cosmology. Evidently, the observational constraints can be extended to other parametric functions of the scalar torsion, as well as one may add other data sets in the analysis.
In addition to the developments and results already known in the literature within the context of modified teleparallel gravity, the results presented in this work offer a complement and a step forward in this direction. On the other hand, it will be interesting to investigate how the tensor modes evolution, that is, gravitational waves in f (T ) gravity [73, 94] can influence CMB power spectrum, especially the B-modes polarization. Also, we proposed recently a nonlocal formulation of teleparallel gravity [57] . Therefore, the development of scalar perturbations and investigating the large scale structure formation need further attention in this sense.
